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In this paper we report on the design, fabrication and characterization of a bio-inspired
moth-eye antireflection (AR) surface designed to operate in the space environment. Nano
and micro-satellites do not generally employ active solar arrays, opting instead for passive, body mounted solar panels which perform poorly at highly oblique angles. We design a moth-eye AR surface to increase power production on nano and micro-satellites
by improving transmission of light, particularly at angles of incidence at or above 50◦ .
We determine that during typical nano-satellite Earth observation missions (altitude 750
km, sun-synchronous orbit, 3U CubeSat configuration with surface mounted solar panels) the cumulative eﬀect of increased transmission of light by moth-eye AR technology
is to increase power production by 10% over each orbit. Moth-eye surface is fabricated
on quartz coverglass using a combination of nano-sphere lithography, inductively coupled
plasma etching and reactive ion etching techniques. The surface consists of a hexagonal
array of quartz nano-cones; the spacing and height of the cones is optimized to suppress
reflection of incoming light for wavelengths between 350nm and 1800nm. We characterize
the transmission and reflection of the moth-eye AR surface as well as the performance of
commercially available triple junction cells using moth-eye enhanced coverglass

I.

Introduction

In the past ten years nanosatellites (satellites with mass 10 kg or less) have become the platform of choice
for short-term missions in Low Earth Orbit (LEO), and though they were originally used for educational
and training purposes, an ever increasing number of nanosatellites are now flown with a primary scientific
or technical objective.1 The CubeSat standard in particular (a subclass of nanosatellite) now makes up a
significant share of new LEO missions and is strongly preferred due to its low launch cost and high levels
of standardization.2 The rising popularity of nanosatellites, including CubeSats, has resulted in a corresponding interest in developing new technologies to broaden the scope of nanosatellite capabilities. This
shift towards low mass platforms has yielded significant gains in terms of attitude control, communications
and payload miniaturization; however nanosatellites are still limited in terms of scientific capability by their
small volumes, small masses and small power budgets.
Nanosatellites and other small satellites tend to rely on body mounted solar panels to generate electrical
power3 which may complicate design as there is only a small quantity of surface area available for solar
power generation on a nanosatellite and this must often be further reduced to accommodate the payload. In
a conventional satellite this problem would be resolved using large, deployable, sun-tracking solar arrays that
increase the amount of surface area available for power generation; however, on a nanosatellite such a large
flexible structure can become unwieldy and will necessitate a larger, heavier and more power-hungry attitude
control system–further eroding the strict mass and volume budget of the satellite. Low power-production is
not just a consequence of the available surface area, but also of the typical incidence angles of those surface
areas with respect to the incoming sunlight. These oblique angles of incidence relative to those that would
be seen on sun-tracking deployable arrays will result in correspondingly greater power loss due to simple
reflection as well as the cosine law. While the conventional approach of adding solar arrays may suﬃce
to increase the power budget for a nanosatellite mission in which strict pointing is not a requirement, an
alternative method that does not compromise mass or volume budgets is needed if nanosatellites are to make
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greater inroads into high-quality LEO science.
An under-explored approach in the field of nanosatellite research is to improve the eﬃciency of the solar
cells themselves; this is not unsurprising as the field of photovoltaic research is already well defined as a
separate entity to the nanosatellite industry and nanosatellite developers prefer to purchase solar cells from
mid-level commercial suppliers. This disconnect between the needs of small satellite developers and large
scale suppliers results in research inaction despite the growing need for a technology capable of increasing
solar cell eﬃciency at high incidence angles. In this paper we detail the progress that has been made in
developing an anti-reflective technology that is designed to bridge this technology gap and passively increase
the amount of power available for nanosatellite missions without any significant change in either the mass
or volume budget of the satellite.

II.

Moth-Eye Anti-reflection

Moth-eye anti-reflection (MEAR) is a well studied technology for reducing reflection at an interface.
Functionally, a moth-eye surface consists of a two-dimensional periodic array of cones, rods, paraboloids or
some similar structure fabricated on the surface of the interface.4 Moth-eye anti-reflection takes its name
from the eyes of the eponymous arthropod in which these surface features were first observed,5 and the
fabrication of synthetic moth-eye structures on silicon has since been repeatedly shown to increase the transmission of light at the air/Si interface, as well as the air/SiO2 interface.6–9
From a physical standpoint the ultra-fine spacing of the moth-eye structures is the key to reducing
omnidirectional reflection across a broad wave-band; this is best illustrated by considering the formula for
simple diﬀraction:
mλ
θm = arcsin(
− sinθi )
(1)
d
in which θm is the diﬀraction angle of the m-th diﬀracted order, λ is the wavelength of incident light, d is
the spacing of the diﬀraction grating–the period of the moth-eye structures in this case–and θi is the angle
of incident light. It is clear that for m = 1 and λ/d < 1 that θm will be well defined, however when λ/d > 1
the result is not so clear. In a physical sense, when λ/d > 1 the grating enters the sub-wavelength regime,
diﬀraction angles of higher orders become imaginary and only the 0-th order eﬀects (specular reflectance
and transmittance) remain.
Equation 1 naturally yields the minimum spacing required for moth-eye operation in the sub-wavelength
regime: for strictly normal incidence the requirement that λmin > d is suﬃcient, however for oblique angles
of incidence (sinθi ≈ 1) the sub-wavelength limit becomes λ/2 > d, in the case of transmission these requirements are strengthened to λ/n > d for normal incidence and λ/2n for oblique incidence in order to account
for the increased optical path length due to the refractive index n inside the material.4
Since diﬀraction orders above the 0-th are suppressed, it is possible to model the MEAR as an infinite
stack of thin films with transmission matrices according to the thin film equation. The convolution of these
matrices then yields the Fresnel reflectance and transmittance-which correspond to the total reflectance and
transmittance of the surface in the case where m = 0. The thin films in the infinite theoretical stack have
refractive indexes defined by the volume fraction of moth-eye material in the entire film; expressed simply,
the refractive index at any point in the overall height of the moth-eye surface is defined by the grating fill
factor, f at that height. It is because of this property that moth-eye surfaces are well-suited to control the
grade in refractive index between a vacuum into the coverglass or solar cell in order to achieve the most
adiabatic transition. The infinite thin film model is a subset of eﬀective medium theory, by which it may be
determined the ideal moth-eye structure yields a sinusoidal curve or Klopfenstein-taper.10
Another method for determining the eﬀective transmittance and reflectance of MEAR surfaces is three
dimensional rigorous coupled wave analysis (3D-RCWA), in which the MEAR structures are discretion in
both the horizontal and vertical domains. In each spatial block or step of the 3D-RCWA structure the
propagation of light is determined by numerically solving Maxwell’s equations given the initial values of the
E and H fields at one boundary of the step. The transmittance and reflectance values at each descending

2 of 13
American Institute of Aeronautics and Astronautics

a)

b)

c)

1800

1800

350nm MEAR

1600

1600

1200
0.7

1000
0.6

800

0.8

1400

0.8

Wavelength ( nm )

Wavelength ( nm )

1400

0.9

1200nm MEAR

0.9

1200

0.7

T(λ,θ)
1000
0.6

800
0.5

0.5

600

dis

tan

ce
(

600

400

ab
u.
)

0.4

0

10

20

30

40

50

60

70

80

0.4

400
0

10

Angle of Incidence ( Degrees )

20

30

40
50
Angle of incidence (degrees)

60

70

80

Figure 1. a) The cross section of a hexagonally spaced bi-periodic grating generated using GD-Calc is shown,
the grating period is 130 nm its height is 450 nm. b) A contour plot of the transmission coeﬃcient as a function
of wavelength and incident angle for a 350nm and 1200 nm MEAR surface are shown. The Transmission
coeﬃcients are calculated at the GaInP top cell of what is assumed to be a standard triple junction solar cell
with a double layer AR coating of MgF2 (thickness 125 nm) and ZnS (55 nm)

.

step of a particular structure in 3D-RCWA with N steps are calculated by forcibly matching the E and H
fields at the ceiling of the n+1 -th step to the E and H fields at the floor of the step immediately above
it. Proceeding in this manner, an incident plane wave will define the boundary conditions of the first step
in the staircase, Maxwell’s equations define the propagation of light through the step, the resultant E and
H fields at the bottom of the first step then define the boundary conditions of the second step and so on
until the bottom of the staircase is reached and the boundary conditions at the end of the N -th step are
known. Each step is assumed to be composed of a homogeneous medium with complex refractive index ϵ,
and the amplitude of the wave transmitted into the final, N -th step, will define the eﬀective transmission of
the structure at large.
As with most numerical methods, care must be taken to avoid mathematical artefacts when implementing
3D-RCWA methods to calculate the transmittance and reflectance of diﬀraction gratings; typically this is
accomplished by increasing the number of steps in the initial discretization until convergence is established.
We use a commercially available grating diﬀraction tool, GD-Calc, to determine the transmittance and
reflectance into the GaInP cell with of a commercial triple junction cell with a standard MgF2/ZnS double
layer anti-reflection coating both with and without a coverglass superstrate. We further extend this analysis
to include the expected transmittance of MgF2 coated coverglass applied separately to the coverglass, as this
is the most likely scenario for a real world satellite. An example of a moth-eye grating is shown in figure 1
along with calculated transmittance values into what is assumed to be a GaInP top cell, it is evident from
the two transmittance contours that the height of the grating is an important factor in determining the total
eﬃciency of the system. This eﬀect is further demonstrated in figure 2 in which a simplistic one dimensional
optimization is carried out to maximize the the eﬃciency of the cell by varying the grating height. We do
not optimize for incident angles greater than normal, nor do we adjust the grating period–for the former
there is no need, for the latter we are bounded by the constraint that λ/d > 2n for oblique incidence, as well
as by the limitations of the manufacturing process.

III.

Experiment

We prepare MEAR surfaces using a combination of nanosphere lithography (NSL) and reactive ion etching
(RIE). The moth-eye surfaces are fabricated on quartz substrates to be used as coverglass for commercial
triple junction solar cells (TASC, Spectrolab) and a Xenon lamp is used to simulate the solar environment
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Figure 2. a) Exploration of the height parameter in defining the waveguide structure, the conversion total
conversion eﬃciency across all wavelengths at normal incidence is the performance metric and the optimal
value is found to be 1200 nm. b) The eﬀect of changing the height of the moth eye structure is shown by the
change in transmittance values between three diﬀerent gratings; each grating has a period of 130 nm.

in order to quantify the performance of MEAR surfaces in a laboratory setting.
We select nanosphere lithography as the fabrication method of choice for two main reasons, the first is
that it is an amply studied11, 12 microfabrication method and therefore well suited to non-experts and the
second is that moth-eye structures for the space environment must be robust to vibration, temperature and
atomic oxygen eﬀects, a common approach to fabricating moth-eye structures is nanoimprint lithography
using curable polymers to fabricate the geometry of the moth-eye layer, however this method is unsuitable
for space application due to the risk of atomic oxygen degradation.
1.

Preparation of Etch Mask

Colloidal lithography is hybrid approach to microfabrication that assembles the etch mask using bottom up
techniques (Langmuir-Blodgett, spin coating, etc.) in order to prepare an etch mask for a later top-down
fabrication step, typically RIE/ICP etching. We assemble an etch mask for the MEAR surface using a
modified Langmuir-Blodgett technique best described by Vogel et al.;13 200 nm-diameter polystyrene (PS)
nanospheres are purchased from Magsphere and assembled above a submerged quartz substrate at the liquidair interface of a (DI) water bath. A borosilicate slide is partially immersed in the DI water at a 45◦ angle,
we then deposit PS nanospheres onto the slide by drop deposition using a capillary micropipette and the
nano-spheres are subsequently transferred to the liquid-air interface as they reach the bottom of the slide
and encounter the subphase. At the liquid-air interface the nanospheres naturally form a hexagonally closepacked (HCP) monolayer which, as more nanospheres are added, expands to cover most of the available
surface area.
Once a suitable monolayer has been deposited, we modify the surface tension of the interface by depositing
small quantities of the surfactant, Sodium Dodecyl Sulfate (SDS) directly onto the liquid-air interface. The
addition of SDS to the interface compresses the HCP monolayer which increases the the amount of defectfree area which can subsequently be transferred to the substrate.14 Transfer to the submerged substrate is
accomplished by lifting the substrate through the compressed monolayer, after which the substrate dries at
a 35 degree angle in order to maximize total defect-free area.15 This process is shown diagrammatically in
figure 3.
2.

RIE Etching

We carried out RIE etches using a Trion Phantom II RIE Etching system hosted at the Toronto Nanofabrication Center (TNFC). RIE was performed in three steps: first, using pure O2, the size of the nanospheres
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Figure 3. Simple diagram of etch process using NSL. Once the colloid mask layer has been assembled on
the surface a short size-reduction step is carried out by RIE using O2 gas at low pressure for 45 seconds (b);
trenches in the exposed substrate are then created during an extended etch step using a mixture of CHF3 and
SF 6, and any remaining colloids are removed by a final O2 ”scrubbing” step. An SEM image of the nanopillars
is shown on the left.

was reduced in order to introduce gaps in the mask layer that facilitated the formation of the trenches and
side-walls for the MEAR features. Following size reduction with O2, we carried out an RIE etch using CHF3
and SF6 plasma in order to remove SiO2 from the surface of the substrate, with the PS nanospheres acting
as an etch mask. This resulted in an array of nanometer-scale cones spaced according to the initial position
of the nanospheres in the HCP monolayer; finally, any remaining PS is removed from the substrate by RIE
etching with O2. The parameters of these etch processes are listed in table 1, and the entire procedure is
illustrated in figure 3 and in micrographs in figure 4.
Table 1. Etch parameters for fabrication of MEAR surface.

Etchants
O2
CHF3 + SF 6
O2

a)

Flow rate
(sccm)
10
30:5
10

Pressure
(mTorr)
8
60
8

RF Power
(W)
100
150
100

Time
(s)
45
750
120

b)

Rate
(nm/min)
30
32
30

c)

Figure 4. SEM images showing the process flow throughout the three steps of fabrication.

The typical MEAR surfaces that we produced had an average feature height of 350 nm and an average
spacing of 130 nm; the profile of the moth-eye features is a slender cylinder ending in a roughened, occasionally
concave tip when the etch mask is removed too quickly. The SiO2/PS etch selectivity achieved during the
etching step shown in figure 3 was approximately 4:1 and the etch rate was approximately 32 nm/min.
Commonly a CF4/H2/O2 gas mix is preferred for MEAR formation because of the greater control over etch
anisotropy that may be achieved by varying the H/F ratio of the plasma;16, 17 for this reason we recommend
a CF4/H2/O2 mixture the for production of MEAR surfaces with higher aspect ratios.
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A.

Performance Tests

To test the eﬃcacy of the moth-eye surface we assembled an optical test-bed in which solar cells may be
aligned precisely on a rotating stage and illuminated by a light source with spectral irradiance approximating
the solar spectrum. Our optical setup is shown in figure 5 and the procedure is as follows: first we mount
the solar cells to a precision rotation stage as well as a horizontal translator; a small photodiode acting as
a power meter is also mounted to the translator and the cell is aligned using a fixed laser source which is
directed at a flat mirror and imaged onto a screen. The flat mirror is mounted to the same circuit board
as the solar cells, and aligning the beam spot on the screen allows us to consistently place the cells in the
same position to arcminute precision. Following alignment of the cells they are illuminated under light from
the source which is collimated and passed through a manually operated shutter before reaching the cells and
power meter.
Using this apparatus we expect to be able to achieve uncertainty values low enough to demonstrate the
moth-eye eﬀect in commercial coverglass mounted to a standard triple junction solar cell.

H
E
F

D

C
G

B
A

Figure 5. Experimental setup on optical table. During operation the entire experiment is shrouded in a
darkroom fabric, and the solar cell is connected in series with an ammeter to determine the short circuit
current of the cell under illumination. The image shows the rotation stage, A); power meter, B); laser source,
C); imaging screen, D); xenon light source, E); collimating lens, F); manual shutter, F), and rear reflector
assembly, H).

1.

Light Source

The light source used for performance testing is a 75 W Xenon arc lamp purchased from Oriel instruments,
which provides a sun like photo-emission spectrum that allows for a modest simulation of the space environment; a rear-reflector assembly is used to maximize light output and a condensing assembly is included
in order to ensure a planar wavefront at the solar cell array. The integrated spectral irradiance of the light
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source after the condenser and reflector conversion factors have been applied results in a total beam power
density of 1037.1W/m2 , similar to the power density of the AM1.5G solar spectrum–the conditions under
which the cells were tested by the manufacturer.
The arc lamp power supply is stable only to within 0.5% R.M.S.; a calibrated photodiode (FDS-100CAL
purchased from Thor Labs) is therefore used as a beam power sensor in order to more tightly constrain the
uncertainty in the instantaneous beam power. The spectral photoresponsivity in mAmW −1 nm−1 of the
photodiode, which does not change, is known to within 5% and the 3σ noise when exposed to a calibrated,
stabilized light source is known to be 0.05% of the measured value. Provided that the photodiode maintains
a consistent temperature it is expected that measuring response of the diode to flashes from the Xenon arc
lamp will provide a precise measurement of the instantaneous beam power normalized to some initial value
and accurate to within 0.05%.
A F/1.5 condensing lens (Oriel Instruments) is used to produce a planar beam with a 33 mm diameter
at the exit aperture. For an ideal point source and ideal lens this configuration would yield a perfectly flat
collimated beam, however the actual beam of the Xenon arc lamp is expected to exhibit deviations due to
lens imperfection, imperfect positioning of the rear-reflector and bulb, and the fact that the plasma ball at
the arc tip is not a perfect point source. In order to quantify these deviations we translate a photodiode
across the beam, performing flashed power measurements at 0.5mm increments across the X and Y axes of
the beam. We reconstruct the overall beam profile from this data, which is then used to further constrain
the uncertainty by allowing us to precisely quantify the variation in beam strength as a function of position.
We found the beam to be reasonably uniform, with predictable variations that did not change with time.
2.

Alignment

We mount the solar cells to a printed circuit board (PCB) with an oﬀset chosen such that two imaginary
vertical lines translated 10.3mm from the vertical edges of each cell will superimpose leaving an equal amount
of cell area on each side of the vertical division. The PCB is mounted to an upright stand attached to a
rotating stage such that the oﬀset line, henceforth referred to as the cell-axis, is aligned with the rotational
axis of the stage. We aﬃx a plastic chock to the rear of the PCB which is pressed flush against the vertical
walls of the upright-stand in order to ensure that the PCB placement is repeatable to high accuracy; likewise,
when performing measurements we press the bottom of the PCB flush against the floor of the upright-stand,
ensuring repeatability in the vertical placement of the cells. The assumed uncertainty in the position of the
cell is 0.1mm in the horizontal plane, 0.1mm in the vertical with an added uncertainty of 0.1mm in the
position of the cell-axes relative to each other. Rotational alignment of the PCB is achieved using the laser
alignment system shown in figure 5. The beam is directed at a flat mirror centered on the rotational axis
of the PCB and the reflected beam is imaged on 1mm ruled graph paper resulting in an uncertainty at the
beam position of 0.5mm, corresponding to an angular uncertainty of 1.25arcmin in the initial position of
the rotation stage.
3.

Circuit

The solar cell is connected in series with a digital ammeter (Agilent U2741A) which measures the short
circuit current of the solar cell with a total uncertainty less than 0.065%; the photodiode acting as power
sensor is connected in series with a low pass noise filter and the voltage drop across a load resistor is measured to determine the photocurrent. The voltage drop across the load resistor is measured using a standard
data acquisition device (National Instruments USB-6009 DAQ), the load resistance is chosen to maximize
the inherent resolution of the DAQ device with respect to the voltage signal and the photodiode is forward
biased at 5 V to ensure linearity in the response.
Conventionally, measurements of the IV curve of a solar cell are performed using flashed measurements
of durations < 200ms; however, due to the slow response speed of the digital ammeter it is necessary to
perform flashed measurements on the order of 2s or greater in order to obtain useful data, in which case
the thermal characteristics of the solar cell must be taken into account. In reality, flashed measurements
are preferable only due to the highly non-linear temperature response of the open circuit voltage of the
cell, while the short circuit current response to changes in temperature is linear and comparatively small.
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Figure 6. In figure a) simulated transmission values in the visible spectrum are shown; it is evident that the
MEAR demonstrates a strong transmission peak in the visible band, which is corroborated by the noticeable
change in reflectance at the left hand solar panel in figure b), the two leftmost cells have been placed under a
50mm x 25mm MEAR enhanced quartz slide, the rightmost cells by contrast are under plain quartz.

The thermal coeﬃcient of the short circuit current for the Triangular Advanced Solar Cells (TASC) used in
◦
this experiment is known to be ∼ 12µAcm− 1 C −1 , and examination of the measured photocurrent during
extended periods of illumination reveals that the temperature of the cell under direct exposure to the arc
lamp source increases linearly at a rate of approximately 0.0314◦ Cs−1 , corresponding to a photocurrent shift
of 0.86µAs−1 .
The photocurrent shift multiplied by the rise time after opening the shutter may be treated as excess
noise and added directly to the uncertainty on the measurement of the steady state current. It is not possible
to know the change in temperature of the cell during this time period, nor its eﬀect on the short circuit
current–however, observations of the cell under illumination indicate that the time period is too short for
any added uncertainty beyond that which can be considered negligible. This linear response of the short
circuit current with respect to temperature is the primary reason for selecting ISC as the measurement by
which to infer increased transmission at the coverglass interface.
ISC is also the preferred measurement due to its direct relationship to the maximal output power of the
cell under illumination
Pm = ηISC VOC

(2)

where Pm is the maximal power output, η is the fill factor of the cell–a constant–and VOC is the open
circuit voltage of the cell. VOC is expected to remain relatively stable with respect to the intensity of the
incident light; any increase in the short circuit current of the cell, then, will yield the same increase in the
peak power of the cell.
To summarize, it is expected that measuring the short circuit current of the cell, ISC , is suﬃcient
to demonstrate increased power production due to MEAR technology due to both the linear relationship
between ISC and cell temperature, as well as the direct relationship between ISC and the peak power of the
cell, Pm .
The uncertainties associated with each step of this procedure are summarized in table 2, it should be
noted that as the measured quantity is the relative transmission the uncertainty on the final will be double
the final uncertainties quoted in table 2 as the transmission coeﬃcients are calculated by the diﬀerence in
observed photocurrent before and after application of the coverglass.
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Table 2. Sources of uncertainty in optical setup

Parameter

Symbol
σi

Uncertainty

Uncertainty as %
σi
T (θ) 100

ISC readout
Photodiode readout
Load resistance
Total Beam power uncertainty
Cell axis at 0◦
PCB positioning-X at 0◦
PCB positioning-Y at 0◦
Incident angle at 0◦
Cell axis at 85◦
PCB positioning-X at 85◦
PCB positioning-Y at 85◦
Incident angle at 85◦
Maximum positional uncertainty
Expected uncertainty in
relative transmission values

σISC
σVF DS
σRL
σβX e
σxR
σx0
σy0
σθ0
σxR
σx0
σy0
σθ8 5
σdA
σTθ

0.00432(mA)
1.5mV
4.82Ω
..
0.1mm
0.1mm
0.1mm
1.25arcmin
0.1mm
0.1mm
0.1mm
1.25arcmin
78.55mm2
0.0105

0.385
0.0514
0.003
0.0515
0.484
0.489
0.006
0.00002
0.004
0.036
0.006
0.832
0.833

IV.

Results

A number of MEAR surfaces were fabricated on quartz using colloidal lithography as described above,
a number of etch recipes were investigated but the most facile recipe was found to be the combination of
CHF3/SF6 as described in table 1. Despite extensive investigation into the tuning of the etch parameters,
chemistries and lithography techniques we were unable to achieve an aspect ratio greater than 4:1, corresponding to maximal moth-eye feature heights of 400 nm, and widths of 100 nm. The sub-wavelength
spacing is the more critical of these two parameters, as such it is the parameter we elect to maintain. An
SEM micrograph of the resultant nano pillars in an unusually sparse configuration is shown in figure 4 c).
An MEAR surface was bonded to a two cell solar array as shown in figure 6. The eﬀect of MEAR
texturing on the surface is immediately apparent from the colour tuning visible in the image; in a well lit
environment the eﬀect is quite striking, especially when viewed from an oblique angle of incidence. When
viewed at normal incidence the predominant reflectance appears to occur in the red portion of the visual
spectrum, at high angles of incidence the reflectance shifts strongly to favour blue light; again this is to be
expected, as blue light approaches the boundary of the sub-wavelength regime according to equation 1.
The performance characteristics of the MEAR surface relative to bare quartz were evaluated up to incident angles of 85◦ , the short circuit current of the cell was selected as the preferred performance metric
as it is directly related to both the total power output of the cell as well as the total amount of incident
light falling on the cell. In this manner, a 5% increase in the short circuit current would be expected to
produce a corresponding 5% increase in the short circuit current, which would itself indicate a 5% increase
in the instantaneous power production of the cell. The relative diﬀerence in the short circuit current after
the application of either a bare quartz substrate or a MEAR-enhanced substrate was measured; the results
are plotted in figure 7 a) along with expected values from RCWA simulations of the MEAR surface. In
addition to the performance relative to a quartz substrate we also show the simulated performance relative
to a traditional thin-film AR coating, in this case a 110 nm MgF2 coating, the industry standard for CMG
coverglass; as is the case with the bare SiO2 substrate, the the MEAR surface is expected to outperform
MgF2 at all angles of incidence.
As expected, the MEAR coated substrates showed improved transmission at high angles of incidence
resulting in greater overall power production; these results are consistent with results from the RCWA
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Change in Isc between 350nm MEAR and
bare SiO2 (99% conf. intervals)
Expected Change in Isc (Broadband)
Expected Change in Isc (Visible only)
Simulated Performance of MgF2 ARC

Figure 7. Experimental data is shown comparing the performance of 350nm MEAR enhanced coverglass to
bare SiO2 substrates, the measurements are shown to agree with the expected values (blue dashed line) until
divergence at 50◦ , the values reach their minimum at 55.4◦ before increasing to converge with the expected
results. We also plot the simulated performance of a thin film MgF2 coating applied to the coverglass (red
dashed curve); the increase in power production is shown to be greater than that of the MgF2 layer at nearly
all angles of incidence. Finally we also plot the expected change in the short circuit considering only visible
light, which agrees well with the results.

simulation, however. A notable diﬀerence between the simulated results and experimental data is that the
minimum value of the performance index occured at an incidence angle of approximately 55.4◦ rather than at
normal incidence. This discontinuity is a result of the fact that MEAR surfaces do not display a pronounced
Brewster angle eﬀect for TM polarization.18 This can be understood as another unique property of the
sub-wavelength structures: the Brewster angle eﬀect arises from the oscillations of bound electrons at the
interface of the two media. Incoming light with the appropriate polarization and incident angle will excite
oscillations in these surface dipoles in such a way that they are unable to re-radiate light, however this
requires precise alignment of the surface dipoles with the incident incident ray such that the axis of the
oscillating dipole is aligned with the direction of travel for the reflected ray. At the surface of a moth-eye
structure this is highly unlikely as the surface dipoles are located on the physical surface of the cones, and
are therefore oriented randomly at every point.
Though a useful measure of performance, incidence curves such as figure 7 are not an intuitive method
for evaluating performance. Thankfully, they can be used in conjunction with satellite attitude control data
to build a picture of the expected impact that MEAR technology would have on the power budget of an
orbiting satellite. Using STK, we simulate the attitude of a 3-U CubeSat orbiting at 750 km in the nadir
pointing configuration, and apply the incidence curves obtained in figure 7. The results of this simulation
are shown in figure 9, we determine that the application of a MEAR surface to this type of satellite would
result in an average increase in power production of 3.35% with a range of ±2.4% depending on the orbital
parameters of the satellite. For a sun synchronous orbit–by far the most popular LEO orbit for CubeSats–the
expected increase in power production relative to bare SiO2 is 3.86%.
Satellites rarely use untreated coverglass, therefore it is more appropriate to reference the performance
of a MEAR relative to a standard MgF2 coating: under the same simulation conditions MEAR surface
technology would be expected to yield a mean power increase of 2.16%, reaching 2.40% in a sun synchronous
orbit. In more concrete terms, the expected power budget for an upcoming 3-U CubeSat mission in which
York is participating is 4059mW ; were this mission to use MEAR coated coverglass rather than MgF2 we
would expect to increase the power budget by 97.4mW . It has been shown, however, that it is possible to
improve these results through the application of a second MEAR surface to the rear face of the coverglass.11
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Figure 8. In addition to the measured performance of a 350nm MEAR we simulate the performance of
a conventional MgF2 ARC against a 1200nm MEAR surface, which was earlier determined to significantly
outperform the 350nm MEAR.

The eﬀects at higher angles of incidence are sadly not as pronounced at the rear interface: Snell’s law ensures
that the rear surface will not operate under angles of incidence greater than 45◦ Using the data presented
in figure 6 we calculate that the addition of a second MEAR surface to the rear interface of the coverglass
will further reduce losses to reflection yielding a 4.53% increase in power production over MgF2 coatings
corresponding to an increase of 183.87mW for the case of the upcoming SIGMA mission. In the case of the
1200 nm MEAR surface the application of a rear MEAR surface would yield the maximum possible increase
in power production: a mean increase of 9.84% and a maximal increase of 10.93%. It is likely that the design
could be optimized further; in particular by controlling the profile of the moth-eye structures it is possible
to produce near perfect broadband transmission.7
We have yet to experimentally verify the survivability of MEAR surfaces in the space environment; silicon
dioxide is known to be resistant to atomic oxygen bombardment–it is often used as a protective coating for
more vulnerable materials however it is unclear whether the fine structures necessary to maintain the motheye eﬀect can survive bombardment for an extended mission. It is entirely possible that subwavelength
spacing in the near UV limit (grating period d < 130nm) will be incompatible with the mechanical strength
required for the space environment. The decision to manufacture MEAR structures using a top down
manufacturing process was in part made to alleviate concerns over atomic oxygen and thermal stress. It
is reassuring also that the fabrication process itself involves bombardment with atomic oxygen at energies
greater than those that would be experienced in LEO, however more study is needed.

V.

Summary

We examine the use of moth-eye anti-reflection technology to increase power production on small satellites
without active solar arrays. We briefly describe the physical principles behind behind the moth-eye eﬀect and
discuss two common numerical methods by which to quantitatively predict the transmission and reflectance
coeﬃcients of a moth-eye enhanced surface. Using these numerical methods we demonstrate that broadband
anti-reflection superior to common thin-film approaches may be achieved even by relatively modest moth-eye
structures.
We present the results of an experiment in which we fabricate moth-eye surfaces on quartz substrates
using a combination of colloidal lithography and reactive ion etching in CHF3 and SF6; the moth-eye surfaces
consist of hexagonally spaced nano-pillars with approximate heights of 400 nm, and diameters of 100 nm.
Moth-eye enhanced coverglass was bonded to the surface of TASC triple-junction solar cells and the short
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Figure 9. Simulated solar angles of incidence for a nadir pointing 3-U CubeSat at 750 km are used to
demonstrate the potential of MEAR coverglass to increase power production on orbit. We compare the
typical incident angles experienced on orbit with the simulated and measured incidence curves from figure 7.
We determine that the application of a 1200 nm MEAR surface would increase power production over a
traditional MgF2 coating by as much as 5.82% of the total power budget.

circuit current response of the cells both with and without the MEAR technology was examined under
conditions approximating the solar spectrum. From the change in short circuit current we extract the likely
increase in overall power production on orbit for a small satellite, we find that for a 3-U CubeSat orbiting at
600km the mean power increase relative to bare coverglass is 3.35% and that the increase in power generation
relative to a traditional MgF2 coating is 2.16%. We extend this analysis further to the case in which a motheye coating has been applied to both the external and internal faces of the coverglass layer, we find that in
this configuration we would increase the total power production by 4.54% over a traditional MgF2 coated
coverglass. Furthermore we demonstrate through simulation that the experimental results achieved herein
may be improved dramatically, and that by tailoring the fabrication process in order to produce deeper
moth-eye structures it would be possible to achieve an increase in power production of over 10%.
We find, through a cursory analysis of the MEAR features, that the ideal height for moth-eye surface
features intended for application to triple junction solar cells is 1200 nm. The current surface feature height
produced by our etch recipe is resting in a local minima, future work will focus on increasing the height of
the moth-eye features in order to produce a more pronounced anti-reflection eﬀect. The eﬀects of oxygen
bombardment will also be studied in order to determine the ability of MEAR technology to survive the space
environment.
In conclusion, we have built on theoretical studies of the past and are now able to demonstrate the motheye eﬀect in a laboratory setting, this will enable us to optimize the design of a MEAR surface for the space
environment, both in terms of incident angle analysis as well as environmental concerns. We have found that
moth-eye technology is a promising approach to anti-reflection, and that its eﬀectiveness at high incidence
angles is well suited to the unique challenges of the space environment and the small satellite industry in
particular.
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